Despite the success of the production of animals by somatic cell nuclear transfer (SCNT) in 14 many species, the method is limited by a low efficiency. After zygotic genome activation 15 (ZGA), a large number of endogenous retroviruses (ERVs) are expressed, including the 16 murine endogenous retrovirus-L (MuERVL/MERVL). In this study, we generated a series of 17 MERVL-reporter mouse strains to detect the ZGA event in embryos. We found that the 18 majority of SCNT embryos exhibited ZGA failure, and histone H3 lysine 27 trimethylation 19 (H3K27me3) prevented SCNT reprogramming. Overexpression of the H3K27me3-specific 20 demethylase KDM6A, but not KDM6B, improved the efficiency of SCNT. Conversely, 21 knockdown KDM6B not only facilitate ZGA, but also impede ectopic Xist expression in SCNT
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The metaphase II (MII) oocyte cytoplasm can reprogram somatic cell nuclei to the totipotent 32 or pluripotent state via a series of sequential epigenetic events, including histone 144 ( Fig 3A, B ; Appendix Fig S3A, B , C). The IF assay indicated that H3K4me3 and H3K9me3 did 145 not markedly differ between ICSI and SCNT-tdTomato + /tdTomato -2-cell embryos. In contrast, 146 we found that H3K27me3 was specifically enriched in SCNT-tdTomatoembryos, but 147 moderate stain in SCNT-tdTomato + and ICSI embryos. Contrary to H3K27me3 modification, 148 the H3K27me2 did not differ between ICSI and SCNT derived embryos (Appendix Fig S3D) .
149
To further consolidate the IF results, we compared the H3K27me3 between different type 150 embryos by Western-blot (WB). In the first set of experiments, SCNT-tdTomato + , 151 SCNT-tdTomatoand ICS-embryos were collected at 2-cell stage, the numbers of the 152 embryos harvested for WB are 500, respectively. Furthermore, the polar bodies were also 153 removed to avoid histone contamination. As IF results, in the short-exposure condition,
154
H3K27me3 modification was effectively detected in the in the SCNT-tdTomatoand cumulus 155 cell ( Fig. 3C; Appendix Fig S3E) . When the embryos used for the WB were increased to 156 1,000 and under long-exposure condition, a weak band against theH3K27me3 was detected 7 in the SCNT-tdTomato + and ICSI samples ( Fig. 3C; Appendix Fig S3E) . Therefore, the 158 H3K27me3 modification in the SCNT-tdTomato + and ICSI 2-cell embryos is present at very 159 low levels, but it can be detected. In addition, irrespective of whether female cumulus cells, 160 male Sertoli cells, or mouse embryonic fibroblasts (MEFs) were used, the difference in 161 H3K27me3 staining between the two types of SCNT embryos was also observed (Appendix 162 Fig S3F) . It is well known that fertilization unites two highly specialized haploid genomes with 163 markedly different chromatin modifications within a single cell to form a diploid zygote. In the 164 short period of the 1-cell stage, the two haploid genomes undergo dramatic asymmetric 165 chromatin remodeling to reestablish transcriptional activation of zygotic gene expression [36] .
166
We further investigated whether the difference in H3K27me3 modification also exists at the 167 1-cell zygote stage. We found that in 1-cell ICSI embryos, H3K27me3 signals were prominent 168 in the maternal pronuclei, but not in the paternal pronuclei ( Fig 3D; Appendix Fig S3G) , which 169 are consistent with previous study [37] . Unlike the asymmetric modifications in ICSI embryos,
170
we detected strong H3K27me3 signals in all pseudo-pronuclei of SCNT embryos ( Fig 3E) .
171
Furthermore, we also found that H3K27me3 levels were much higher in SCNT-tdTomato -172 embryos than in SCNT-tdTomato + or ICSI embryos at the morula stage ( Fig 3F) . According to 173 the above results, we speculated that H3K27me3 is a natural key barrier preventing somatic 174 cell nuclear reprogramming. We further examined the presence of H3K27me3 in bovine 175 embryos, in which ZGA takes place during the 8-cell stage. As expected, the bovine 8 levels of other KDMs in SCNT embryos were also lower than those in ICSI embryo (Appendix 189 Fig S4A) . To correct the H3K27me3 modification, the in vitro transcription vectors KDM6A 190 and KDM6B tagged C-terminally with the hemagglutinin epitope (KDM6A-HA and 191 KDM6B-HA) were constructed ( Fig 4C) . The exogenous HA ectopic expression vectors 192 allowed us to track the KDM6A and KDM6B proteins in early embryos, without the use of 193 specific antibodies. Strikingly, IF staining showed that ectopic expression of KDM6A or 194 KDM6B markedly reduced the levels of H3K27me3 ( Fig 4D; Appendix Fig S4D) . Furthermore, 195 other lysine methylation marks, including H3K9me3 and H3K4me3, were not affected 196 (Appendix Fig S4B) . Subsequently, we determined whether both KDM6A and KDM6B can 197 improve the efficiency of SCNT reprogramming. We first injected KDM6A mRNA into 198 enucleated MII oocytes ( Fig 4E) , and found that the overexpression of KDM6A mRNA 199 significantly increased developmental efficiency (as determined by the blastocyst formation 200 rate; Fig 4F) . Surprisingly, the efficiency of SCNT was greatly reduced by injecting KDM6B 
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we transferred the SCNT embryos derived above into surrogates. For most transfers, 207 pregnancies were established and maintained until day E8.5 and the fetuses were retrieved 208 on that day (Fig 4H left) . We found that the embryo retrieval rate for the group injected with 209 KDM6A mRNA was substantially greater than that of directly transferred SCNT embryos ( Fig   210   4I ). Unexpectedly, only implantation sites and degenerated embryos were observed on day 211 E19.5, suggesting that KDM6A-treated SCNT fetuses failed and were reabsorbed at E8.5-212 19.5 (Fig 4H right) . These results indicate that the overexpression of KDM6A (but not KDM6B) 213 improved pre-implantation development, but could not improve the rate of full-term 214 development in SCNT fetuses. Both KDM6A and KDM6B are Jumonji (JmjC) domain containing proteins and catalyze the 217 removal of trimethylation from histone H3K27 by using a hydroxylation reaction with iron (Fe 2+ ) 218 and α-ketoglutarate (α-KG) as cofactors [38, 39] . The jumonji gene was named for a mutation 219 in mice that causes abnormal cruciform neural grooves (in Japanese, jumonji means 220 cruciform). As shown in Fig 4J, KDM6B shows high homology and structural relationship to 221 KDM6A, especially in the JmjC domain, but lacks the tetratricopeptide (TPR) domain, which 222 are assumed to mediate protein-protein interactions [40, 41] . In order to further compare the 223 differences between KDM6A and KDM6B in SCNT reprogramming. We synthesized 224 KDM6A-HA expression vectors with different loci mutation, and injecting different type mRNA 
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As described above, the ectopic overexpression of KDM6A mRNA at low concentrations 241 improved the SCNT efficiency. We have previously shown that mouse parthenogenetic 242 embryos in which KDM6B is knocked down exhibited a moderate increase in KDM6A 243 expression [42] . We speculated that KDM6B knockdown could facilitate ZGA and improve 10 SCNT efficiency. To verify this hypothesis, we designed and constructed short interfering 245 RNA (siRNA) specifically targeting KDM6A and KDM6B ( Fig 5D; Appendix Fig S5A) . A siRNA 246 without any specificity to KDM6A/B or other genes was constructed as an siRNA-control. As 247 expected, the qPCR results demonstrated that the decrease in KDM6A or KDM6B 248 expression was accompanied by an increase in KDM6B or KDM6A expression, respectively 249 ( Fig 5A) . Furthermore, a marked decrease H3K27me3 levels were observed when injected 250 with either KDM6A or KDM6B siRNA ( Fig. 5C ; Appendix Fig S5C) . The WB results also 251 confirmed this phenomenon at another protein levels ( Fig. 5B ; Appendix Fig S5B) . These 252 findings suggest that KDM6A and KDM6B are functionally redundant and compensate for 253 each other in SCNT embryos; that is interference of either KDM6A or KDM6B, the levels of 254 the other will increase. At the beginning of the knockdown assay, we noticed that the 255 pluripotency genes Oct4, Sox2, and Nanog are acquire the H3K27me3 mark as they get 256 repressed during ESCs differentiation [43, 44] . In addition, KDM6B also regulate the Hox 257 gene expression, which are essential for regulating cell differentiation and the formation of 258 body structures during early embryonic development. In order to avoid injuries caused by 259 knockdown KDM6B, we next tested a serial dilution of siRNA-6B to determine the knockdown 260 efficiency ( Fig 5D) . Briefly, the optimal injection concentration of siRNA-6B in our experiment 261 was 10 μM. We then injected siRNA-6B into recipient MII oocytes before SCNT ( Fig 5E) . We 262 next wondered whether there were differences between KDM6B knockdown and KDM6A 263 overexpression in the rate of SCNT blastocyst formation. Notably, the injection of KDM6B 264 siRNA before SCNT increased the blastocyst rate to 70.8%, which did not differ significantly Table   266 S3). Furthermore, using Sertoli or MEF cells, the injection of siRNA-6B before SCNT also 267 increased the blastocyst formation rate ( Fig 5G; Appendix Fig S5D and Table S3 ). When we 268 performed the same trials for bovine intraspecific SCNT, siRNA-6B injection also improved 269 the developmental efficiency ( Fig 5G; Appendix Fig S5D and Table S3 ). Interestingly, when Table S3 ). To 272 11 further examine whether the positive effect of siRNA-6B on SCNT embryonic development is 273 dependent on the observed increase KDM6A expression. We next double injection of 274 siRNA-6A-6B into SCNT embryo. We observed significantly lower developmental potential 275 for siRNA-6A-6B injected SCNT embryos, with the majority arresting at the 2-stage and only 276 a few reaching the blastocyst stage ( Fig 5F, G; Appendix Table S3 ). We also compared the 277 ZGA related genes expression between different type siRNA injected SCNT embryos via 278 RT-qPCR. Similarly, the qPCR results showed that the expression of ZGA related genes are 279 decreased in SCNT embryo with siRNA-6A or siRNA-6A-6B injected compared with the 280 control ( Fig 5H) . These results suggest that the overexpression of KDM6A or knockdown of 281 KDM6B can improve the efficiency of SCNT reprogramming. 292 Appendix Fig S6A) . Similar to other somatic cells, the cumulus cells and sperm did not 293 express tdTomato and EGFP (Appendix Fig S6B) . As expected, 40.7% of the siRNA-6B 294 injected SCNT embryos exhibited tdTomato expression at the 2-cell stage, whereas only 3.5% 295 of the siRNA-control group exhibited tdTomato fluorescence ( Fig 6B, C) . We also found weak, 296 but substantial expression of Oct4::EGFP in the siRNA-6B-injected blastocysts (25/33, 297 75.6%), but not in the siRNA-control injected embryos (0/25; Fig 6D) . We further compared 298 the Oct4::EGFP mRNA levels between ICSI and siRNA-injected SCNT blastocysts. The
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qPCR results also showed that Oct4::EGFP mRNA expression was higher in SCNT 12 blastocysts injected with siRNA-6B than in controls ( Fig 6E) . Moreover, the 301 siRNA-6B-injected embryos contained a greater total cell number than that of the control 302 blastocysts (118 in siRNA-6B injected vs. 67 in control; Appendix Fig S6C) . We next 303 investigate whether this positive effect could be contributing to cloned mice birth. For this 304 purpose, siRNA-6B-injected SCNT embryos were transferred at the 2-cell stage into 305 pseudo-pregnant females. Caesarian section at E19.5 revealed that the 6.0% (16/265; six 306 twins) of transferred siRNA-6B-injected SCNT embryos developed to term, while none of the 307 120 transferred control embryos developed to term ( Fig 6F; Appendix Fig S6D, E) . To better 308 characterize post-implantation development, we retrieved the siRNA-6B-injected SCNT 309 conceptus at E15.5. The results showed that 43.5% (17/39) of the implantation sites still 310 contained a fetus (nearly half of which were still alive; Appendix Fig S6F) . Upon closer 311 examination, we found one fetus (1/17) with intestinal fistula and skull closure defects 312 (Appendix Fig S6D) .
314
Subsequently, we evaluated whether KDM6B knockdown could improve ntES derivation.
315
Therefore, SCNT blastocysts were derived from MERVL::tdTomato/Oct4::EGFP cumulus 316 cells and the standard protocol was used to establish ntES. Compared with unmanipulated 317 SCNT embryos, the efficiency of ntES derivation increased from 39.5% to 80.3% with 318 siRNA-6B injection, and all ntES lines expressed Oct4::EGFP (Appendix Fig S6G) . As SCNT 319 can be used to consistently reprogram somatic cells to pluripotency, it is ideal for cell 320 replacement therapies. We next used mouse tail-tip MEFs of DMD-deficient mdx mice as 321 nuclear donors. SCNT blastocyst attachment to the feeder cell increased from 13% to 57%, 322 and ntES derivation increased from 4% to 27% by siRNA-6B injection ( Fig 6G) . The 323 si6B-mdx-ntES generated from siRNA-6B injected SCNT blastocyst showed characteristic 324 ES morphology and expressed ES markers such as Oct4, Sox2, Ssea1, and E-Cadherin ( Fig   325   6H ). To further investigate the si6B-mdx-ntES differentiation capacity, we performed in vitro 326 differentiation and in vivo chimera assays. si6B-mdx-ntES could efficiently give rise to three 327 13 germ layer cells ( Fig 6I) . Furthermore, the si6B-mdx-ntES lines efficiently contributed to adult 328 chimeric mice ( Fig 6J) . 
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Having demonstrated that KDM6B knockdown markedly improved SCNT efficiency, we next 333 evaluated corresponding changes at the molecular level. We first used a qPCR assay to 334 detect the 2-cell embryo-specific transcripts (Appendix Fig S7A) . We found that Zscan4, 335 Gm6763, Eif1a, and MERVL levels were higher in NT blastocysts with siRNA-6B injection 336 than in the control. Interestingly, MERVL was strongly upregulated, but other repeat elements, 337 such as LINE-1 and IAP (intracisternal A particles), were unaffected. These results
338
suggested that the knockdown of KDM6B improved the developmental potential of SCNT 339 embryos by increasing ZGA-related transcripts. To further verify this result, we used 340 single-cell RNA sequencing (scRNA-seq) to evaluate the transcriptome in siRNA-6B-injected 341 SCNT embryos. We also noticed that injection of siRNA-6B does not make every SCNT 342 embryos active MERVL::tdTomato expression and reach the blastocyst. We combined 343 live-cell imaging, blastomeric biopsy, and scRNA-seq to accurately characterize the 344 molecular characteristics (Fig 7A; Movies EV3 ). We first confirmed that the removal of a 345 single blastomere at the 2-cell stage did not influence the developmental capacity (Appendix replicates for each sample demonstrated high reproducibility (Appendix Fig S7D) . Compared
354
to NT-2 embryos, 1,175 genes were highly expressed in siRNA-6B-injected embryos (FC > 5, 355 14 FPKM > 5; Fig 7B) . We next focused on the expression of 7,773 representative ZGA-related 356 gene [45], because we supposed that knockdown of KDM6B to promote ZGA in SCNT 357 embryos. A pairwise comparison of the transcriptomes of NT-2, si6B-NT, and WT-2 embryos 358 identified 1,813 differentially expressed ZGA-related genes (FC > 5, FPKM > 5), and these 359 DEGs (differentially expressed gene) could be classified into two groups (designated Group1 360 and Group2) by an unsupervised hierarchical cluster analysis ( Fig 7C; Dataset EV1 , 2).
361
Group2 genes were significantly more highly expressed in SCNT embryos injected with 362 siRNA-6B than in the NT-2 embryo. To further investigate whether these DEGs cause 363 developmental issues in SCNT embryos, we used GO (Gene ontology) and KEGG (Kyoto Fig S7E) . We found that the knockdown of KDM6B expression increased the 374 expression of Zscan4 and Eif1a-like genes, suggesting that the knockdown of KDM6B 375 increases the efficiency of SCNT reprogramming. Furthermore, we also identified 319 genes 376 that were not activated in 2-cell SCNT embryos and were derepressed by KDM6B 377 knockdown (FC > 5, FPKM > 5; Fig 7E; Dataset EV3 ). KEGG and GO analyses indicated 378 these genes are enriched for methyltransferase activity, metabolic pathways, and RNA 379 processes (Fig 7E right) . Taken together, these results indicate that KDM6B knockdown can 
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Rnf12, Pgk1, Fmr1nb, Atrx, Uba1, Mecp2 and Plac1) via single embryo RT-qPCR ( Fig 7H) .
409
Consistent with the FISH results, the significant down-regulation of Xist observed in SCNT 410 16 embryos that had been injected with siRNA-6B. In contrast, Xist was significantly 411 up-regulated in KDM6A mRNA injected SCNT embryos, and the X-linked genes were also 412 up-regulated in siRNA-6B injected embryos.
414
Related studies have demonstrated that the ectopic expression of Xist in SCNT derived 415 embryos could be corrected by siRNA-Xist, leading to more than a 10-fold increase in the 416 birth rate of male clones [3, 49, 50] . To examine whether the combination of siRNA-Xist and 417 siRNA-6B could further improve SCNT embryonic full-term development. We then performed 418 embryo transfer experiments to assess the full-term developmental ability of siRNA-Xist-6B 419 coinjected SCNT embryos. Similar to previous report [3] , injected with siRNA-Xist alone 420 improved the birth rate from 1.3% (1/77) to 11.7% (12/103) ( Fig 7I; Appendix Table S4 ).
421
Importantly, siRNA-Xist-6B coinjected further increased the SCNT birth rate to 21.1% (16/76).
422
This result indicates that siRNA-6B and siRNA-Xist exert a synergistic effect on the SCNT 
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In a series of rigorous experiments, we demonstrated that only injection with a low 457 concentration (20 or 50 ng/μl) of KDM6A mRNA could facilitate the cloned embryos ZGA, and 458 improve the pre-implantation developmental potential. Although we were able to efficiently 459 obtain SCNT blastocysts by KDM6A injection, but failed to obtain live cloned pups. In recently, 460 one study claimed that injection with a higher concentration (1,000 ng/μl) of KDM6A mRNA 461 can improve the SCNT embryo preimplantation development [54] , which were contrary to 
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To further determine the role of KDM6A in the XCI of SCNT, we injected KDM6A mRNA
473
(1,000 ng/μl) into SCNT embryos, and found that the developmental efficiency of SCNT 474 embryos was reduced, while many X-linked genes were consistently repressed. In contrast, 475 knockdown of KDM6B could increase the SCNT embryo birth rate as well as the efficiency of 476 DMD-specific NTES derivation. Thus, knock down KDM6B not only facilitate the cloned 477 embryos ZGA, but it can also impede ectopic Xist expression in SCNT reprogramming.
479
Previous studies have shown that the knockdown of KDM6B or over-expression of KDM6A in
480
MEFs results in significantly more iPSC colonies compared with wild-type cells [56, 57] .
481
Interestingly, the knockdown of KDM6B in SCNT embryos leads to a moderate increase in 482 the expression of KDM6A, consistent with our previous findings in mouse parthenogenetic 483 embryos [42] . While our paper was under preparation, another study reported the 484 identification of H3K27me3-dependent imprinting genes (which include Gab1, Sfmbt2 and 485 Slc38a4), and previous studies have shown that these genes exhibit a loss of imprinting in 486 SCNT embryos [58, 59] . This provides an explanation for why the knockdown of the 487 H3K27me3 demethylase KDM6B promotes SCNT efficiency. In addition to the silencing of 488 the histone modification, a recent study found that H3K4me3, an activating modification, is 489 also obstacle to reprogramming [29] . The findings of the present study in combination with 490 previous results in the field indicate that there are many obstacles in SCNT reprogramming.
491
Further studies should focus on identifying the core obstacle. Table   548 S5 
Japan) on a 37 °C heating stage of an inverted microscope (Nikon, Japan). The nuclei of 561 21 donor cumulus cells, Sertoli cells, or C57-MEF cells, a small cell (< 10 μm) was drawn in and 562 out of the injection pipette until its plasma membrane was broken and was then injected into 563 enucleated oocytes. For the mdx-MEF cells, live cells with a diameter of 10~15 μm were 564 selected. The reconstructed embryos were cultured in M199 medium (Thermo, USA) 565 containing 10% fetal calf serum (FCS; Hyclone, USA) for 1~3 h before activation treatment.
566
The reconstructed embryos were activated in Ca 2+ free KSOM medium containing 10 mM 567 strontium and 5 μg/mL CB for 6 h. Activated constructs were thoroughly washed and cultured 568 in G1 and G2 medium (Vitrolife, Sweden). The bovine-SCNT, bovine oocytes obtained by 569 aspirating follicles on slaughterhouse-derived ovaries. We cultured immature cumulus-oocyte 570 complexes in M199 medium supplemented with 10% FCS, 0.2 mM pyruvate, 200 μg/mL 571 gentamicin, 0.5 mg/mL luteinizing hormone and 1 mg/mL estradiol for 16 to 18 h at 38.5 °C 572 with 5% CO 2 in the air. After 18 h the start of maturation, cumulus cells were removed from 573 the oocytes, and oocytes with extruded first polar bodies were selected as MII oocyte.
574
Oocytes enucleated using a beveled glass pipette by aspirating the first polar body and the 575 MII plate in a small amount of surrounding cytoplasm in M199-HEPES medium containing 5 576 μg/mL CB. In some experiments, we labeled oocytes with DNA fluorochrome (Hoechst 33342) 577 before enucleation; to ensure removal of the oocyte chromatin, we exposed the aspirated 578 cytoplasm to UV light to examine the enucleation. The donor cells were injected into the 579 perivitelline space of each enucleated oocytes by using the same slit in the zona pellucida as 580 made during enucleation. Then, we fused nuclear transfer couplets in sorbitol fusion medium 581 by applying a single electric pulse (1.2 kV/cm for 30 μs). One hour after fusion, the fused 582 embryos using 5 μM ionomycin for 5 min, followed by five hours of treatment with 10 μg/mL 583 cycloheximide (CHX). The reconstructed embryos were cultured and allowed to develop in 584 vitro up to the 8-cll or blastocyst stage. The mouse-ICSI, MII oocytes were collected 18 h post 585 hCG. The sperm were collected from epididymis of 9-week-old BDF1 mice and washed in M2 586 medium, then suspended in M2 medium supplemented with 10% polyvinylpyrrolidone (PVP).
587
The MII oocytes were placed in a drop of M2 medium and one sperm head was injected into 588 a MII oocyte by piezo-micromanipulator. The surviving embryos were collected and cultured 589 in G1 and G2 medium. The ICSI was done as previously described [64] . Only the sperm head 590 was injected into the oocyte. After 30 min of recovery, the ICSI-generated embryos were 591 washed several times and cultured in KSOM-AA medium at 37 °C in a 5% CO 2 in air 592 atmosphere. The mouse-IVF, sperm was obtained from the cauda epididymis of male mouse 593 and incubated at 37 °C for 1 h in HTF supplemented with 5% FBS before the addition of the 
